Abstract-This paper proposes a disturbance-adaptive shortterm frequency support scheme of a doubly fed induction generator (DFIG) that can improve the frequency-supporting capability while ensuring stable operation. In the proposed scheme, the output of the additional control loop is determined as the product of the frequency deviation and adaptive gain, which is modified depending on the rate of change of frequency (ROCOF) and rotor speed. To achieve these objectives, the adaptive gain is set to be high during the early stage of a disturbance, when the ROCOF and rotor speed are high. Until the frequency nadir (FN), the gain decreases with the ROCOF and rotor speed. After the FN, the gain decreases only with the rotor speed. The simulation results demonstrate that the proposed scheme improves the FN and maximum ROCOF while ensuring the stable operation of a DFIG under various wind conditions irrespective of the disturbance conditions by adaptively changing the control gain with the ROCOF and rotor speed, even if the wind speed decreases and a consecutive disturbance occurs.
controls of synchronous generators (SGs) [2] . Unless a power system has sufficient inertia and reserve power, the system frequency is more likely to decrease further, thereby causing load shedding [3] . Thus, the frequency nadir (FN) and maximum rate of change of frequency (ROCOF) are important metrics in maintaining the frequency stability.
To ensure the stable operation of a power system that has a high penetration of wind power, wind turbine generators (WTGs) should provide frequency-supporting capabilities [4] . However, variable-speed WTGs-e.g., doubly-fed induction generators (DFIGs) and fully rated, converter-based WTGs-operate in a maximum power point tracking (MPPT) control mode [5] . This prevents variable-speed WTGs from responding to the system frequency variation and thereby adversely impacts frequency stability [6] . To avoid this, the WTGs should support the frequency.
Many research works on the frequency-supporting schemes of WTGs have been reported. This support can be classified into two groups [7] : short-term frequency support (STFS) [8] [9] [10] [11] [12] [13] [14] and long-term frequency support (LTFS) [15] , [16] . STFS temporarily releases the kinetic energy (KE) stored in the rotating masses in a WTG during the early stage of a disturbance with no reserve power. Conversely, LTFS releases the reserve power to compensate for part of the deficient power. Thus, LTFS provides more contribution to supporting the frequency than STFS; however, LTFS requires the de-loaded operation of a WTG, which causes significant annual energy loss. This paper focuses only on the STFS of a WTG and assumes that a WTG operates in an MPPT mode prior to an event.
STFS schemes of a WTG can be divided into two categories: frequency-based STFS [8] [9] [10] [11] [12] and KE-based STFS [13] , [14] . Frequency-based STFS releases the KE by relying on the frequency, whereas KE-based STFS releases the predetermined KE upon detecting an event. KE-based STFS can provide more contribution to improving the FN and maximum ROCOF; however, KE-based STFS causes a second frequency dip (SFD) while restoring the rotor speed. This will adversely impact the frequency stabilization of a power system. In contrast, frequencybased STFS ensures no SFD unless excessive KE is released because of a gain that is too large.
The frequency-based STFS employs two additional control loops: the ROCOF (df/dt) loop and the frequency deviation (Δf) loop. The df/dt loop prevails during the initial stage of 0885-8950 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. an event, whereas the Δf loop prevails around the FN. Thus, the combination of the two loops has been suggested [10] , [11] . However, these schemes use the predetermined fixed gain. A large gain ensures an improved FN, but it might cause over-deceleration (OD) of the rotor speed. In contrast, a small gain prevents OD, but it provides a limited contribution to raising the FN. Difficulties arise in determining the fixed gains suitable for various wind conditions and disturbances. Thus, a dynamic gain-based STFS scheme has been suggested that uses the Δf loop only, but it changes the control gain based on df/dt [12] . This scheme can improve the FN and maximum df/dt by releasing a large amount of KE during the initial stage of an event. In this scheme, a shaping function, which relates the gain of the Δf loop to df/dt, is defined for a rotor speed prior to an event; in addition, the gain of the Δf loop is modified with df/dt only. Thus, OD might occur if a subsequent event occurs and/or the wind speed decreases while stabilizing the frequency. This paper proposes an adaptive STFS scheme of a DFIG that can improve the FN and maximum df/dt while ensuring stable operation. In the proposed scheme, the output of the Δf loop is determined as the product of the Δf and adaptive gain, which is modified with df/dt and the rotor speed. The adaptive gain is set to be high during the early stage of a disturbance, when the df/dt and rotor speed are high. Until the FN, the gain decreases with df/dt and rotor speed. After the FN, the gain decreases only with the rotor speed. The performance of the proposed scheme was investigated under various wind conditions and disturbances using an EMTP-RV simulator in a power grid consisting of steam turbine generators, which have a low ramping capability, particularly if the wind speed decreases during the STFS and a consecutive event occurs.
II. DFIG MODEL
This section briefly describes the features of a DFIG model. Fig. 1 shows a typical configuration and power characteristics of a DFIG, which includes a mechanical power model, twomass shaft model, back-to-back converters, and DFIG controller. Table I shows the parameters of a DFIG used in this paper [17] . The mechanical power extraction from the wind can be calculated by
where, ρ, A, v w ind , c P , λ, and β are the air density in kg/m 3 , the rotor-swept area of the WTG in m 2 , wind speed in m/s, power coefficient, tip-speed ratio, and pitch angle, respectively [18] .
c P used in this paper can be represented as
where [19] ; in this paper, c P ,max = 0.5 if β is zero and λ opt is 9.95.
A two-mass shaft model representing the dynamics between the wind turbine and generator is expressed by
where
, and D g are the inertia time constants, angular speeds, torques, and damping constants of a wind turbine and a generator mass, respectively; and K s , D s , θ s , and ω are the shaft stiffness, damping constant, torsional twist, and base value of angular speed, respectively [20] . A rotor-side converter (RSC) and grid-side converter (GSC) comprise the DFIG controller. The RSC controls the active power and reactive power injected into a system; the GSC is used to maintain the DC-link voltage and control the terminal voltage. Further, a pitch-angle controller is used to prevent the rotor speed from exceeding the maximum operating limit [21] . In addition, to obtain the realistic results, this paper considers the power, torque, and rate limits. The maximum power limit is set to 1.20 p.u. [22] , the maximum torque limit is set to 1.17 p.u., and the rate limit is set to 0.45 p.u./s [23] . The operating rotor speed of the DFIG ranges from 0.70 p.u. to 1.25 p.u. 
III. DISTURBANCE-ADAPTIVE STFS SCHEME OF A DFIG
The proposed adaptive STFS scheme aims to improve the FN and maximum df/dt while ensuring stable operation of a DFIG under disturbances. To achieve these objectives, the proposed scheme uses the Δf loop operating in association with the MPPT control loop, as shown in Fig. 2 . In the proposed scheme, the power reference (P ref ) is composed of P MPPT and ΔP.
In this scheme, ΔP can be defined as
where, k adap is the adaptive control gain of the Δf loop. Note that in the proposed scheme, k adap is modified with df/dt and ω r , as shown in Fig. 3 . Prior to a disturbance, df/dt remains nearly zero. When a disturbance occurs in a power system, the magnitude of df/dt is proportional to the deficit power at that instant. This means that the magnitude of df/dt is large at the instant of a disturbance and decreases with time because of the primary response of the SGs operating in a power system.
For STFS, a WTG should release a large amount of KE during the initial stage of a disturbance, in which Δf is small and ω r is proportional to the wind conditions. To release a large amount of KE during this period, the gain of the Δf loop should be set to be high. Thus, the proposed k adap is set to be proportional to the magnitude of df/dt, which is large at the instant of a disturbance.
Because of the primary response of the SGs and STFS of a WTG, the magnitude of df/dt decreases until the frequency reaches the FN. In addition, ω r decreases because of the released KE. During this period, the Δf loop gain should decrease with time to prevent releasing excessive KE. Otherwise, ω r reaches the minimum operating speed limit (ω min ), and a significant SFD will occur because of disabling the STFS schemes. Thus, during this period k adap is set to decrease with both the magnitude of df/dt and ω r .
After the FN, df/dt changes its sign. This means that the frequency starts recovering. During this period, it is desirable that a WTG keeps more KE, which can be available for another contingency. To do this, k adap after the FN is set to decrease only with ω r . This helps suppress the release of excessive KE.
As shown in Fig. 3(a) , k adap has a maximum value if df/dt is less than −0.05 Hz/s and ω r is at the maximum operating speed. k adap decreases as df/dt increases and/or ω r decreases. Thus, k adap is modified while performing STFS. If ω r reaches 0.7 p.u., which is ω min , k adap is set to zero. Further, if df/dt is positive, k adap remains at the same value even though df/dt increases. Fig. 3(b) shows an example of a locus for a disturbance. Prior to a disturbance, ω r is assumed to be 1.13 p.u.; k adap stays at Point A because df/dt is nearly zero. When a disturbance occurs, the magnitude of df/dt significantly increases, and thus k adap moves to Point C via Point B because ω r remains at nearly the same value during this interval. Until the FN, the magnitude of df/dt decreases and ω r decreases. Thus, k adap moves to Point E via Point D. After the FN, k adap moves to Point F, where the frequency reaches the steady-state value.
Because the conventional STFS scheme relies on the fixed gain, it is unable to provide satisfactory results under various scenarios: a consecutive SG trip, abrupt wind speed reduction during STFS, and both contingencies. In contrast, the proposed k adap can be used under any contingencies.
IV. CASE STUDIES
To validate the performance of the STFS schemes, the system shown in Fig. 4 was modeled using an EMTP-RV simulator. The model system consists of a 100-MW, DFIG-based WPP, six steam turbine SGs of 900 MW total, a static load of 290 MW and 100 MVAr, and a 310-MW asynchronous motor. The 20 5-MW DFIGs were modeled as an aggregated model of a 100-MW DFIG-based WPP. respectively. Six SGs were modeled as steam turbine SGs: two 200-MVA SGs, two 150-MVA SGs, and two 100-MVA SGs. The droop gain for all SGs was set to 5% [24] . The inertia constants of the 200-MVA, 150-MVA, and 100-MVA SGs were 5.0 s, 4.3 s, and 4.0 s, respectively [25] . In this paper, automatic generation control was not implemented, and thus the frequency settled to a value less than its nominal value.
In this paper, the system frequency for STFS is obtained in the DFIG controller from the measured voltage of an aggregated WPP terminal using a phase-locked loop proposed in [26] .
The performance of the STFS schemes is affected by the wind conditions including turbulence, system inertia, and capacity of the tripped generator. Thus, six cases were chosen by varying the above conditions to compare the performance of the proposed scheme to a fixed-gain scheme (Scheme #1) and a dynamicgain scheme (Scheme #2). Scheme #1 uses the df/dt loop and Δf loop, as shown in Fig. 6 ; the gain of the df/dt loop was set to 10, whereas the Δf loop gain was set to 16. Scheme #2 uses the Δf loop only, as shown in Fig. 7 ; in contrast, the gain of the Δf loop is changed with df/dt. In addition, the proposed scheme was compared to a scenario without STFS. 
A. Effects of Wind Conditions and Different Generator Trips
The STFS capability of a DFIG critically depends on the stored KE, which is directly related to the wind speed. In addition, the capacity of the tripped generator impacts the frequency-supporting capability of a DFIG. Thus, this section investigates the performance of STFS schemes for wind speeds of 10 m/s and 8 m/s with different generator trips. supplying 80 MW prior to a disturbance in the model system is tripped at 50 s. As shown in Table II , the FN of Scheme #2 is slightly higher than that of the proposed scheme. Moreover, the maximum df/dt of Scheme #2 is the smallest. This is because Scheme #2 releases a larger amount of KE during the early stage of an event than Scheme #1 and the proposed scheme (see Fig. 8(d)) ; thus, after an event, less KE in Scheme #2 is left than in the proposed scheme (see Fig. 8(e) ). As shown in Fig. 8(b) , during the initial stage of an event, k adap , which varies with df/dt and ω r , has a large value; because 3(a) ). Note that the gain in Scheme #2 is larger than that in the proposed scheme and thus ΔP in Scheme #2 is larger. However, the output power in Scheme #2 during the initial stage of an event is similar to that of the proposed scheme because the output power is limited by the torque limit (see Fig. 8(d) ).
Because after the frequency rebound, the proposed scheme reduces the output power faster than Scheme #2, ω r in the proposed scheme converges to a value higher than it does in Scheme #2 (see Fig. 8 (e) and (f)). This helps a DFIG keep more KE for a subsequent disturbance and ensure stable operation; in addition, it helps ω r quickly return to the optimal value prior to an event. Fig. 9 and Table III show the results for Case 2. In this case, the wind speed is smaller than it is in Case 1; thus, ω r at the beginning of a disturbance is 0.92 p.u., which is smaller. Because the size of a disturbance is larger than it is in Case 1, the maximum df/dt for "no STFS" is −0.646 Hz/s, which is 1.45 times larger. In addition, the FN is 58.938 Hz, which is lower. As in Case 1, the FN in Scheme #2 is the highest and the maximum df/dt is the smallest. However, in this case, the FN and maximum df/dt in the proposed scheme are similar to those in Scheme #2.
Case 2: Wind Speed of 8 m/s, 110-MW SG Trip:
k adap , which remains 23.8 prior to an event, reaches 45.5 at the beginning of a disturbance; this value is smaller than it is in Case 1, because ω r is smaller but the maximum df/dt is larger. In this case, when the frequency is settled, k adap converges to 14.7, which is smaller than those of Scheme #1 and Scheme #2 (see Figs. 9(b) and 3(a) ). In this case, the proposed scheme reduces the output power faster than Scheme #1 and Scheme #2, thus ω r in the proposed scheme converges to a value higher than it does in Scheme #1 and Scheme #2 (see Figs. 9(d) and 9(e) ).
The results of the two cases indicate that the proposed scheme can support the frequency during a disturbance while ensuring stable operation of a DFIG irrespective of wind conditions and the sizes of disturbances.
B. Effects of Consecutive Generator Trips
As a result of STFS, the stored KE in a WTG decreases. When the frequency is settled, it can be eventually restored to the nominal value in association with automatic generation control. However, if a subsequent event occurs before the frequency is not returned, the performance of the STFS schemes can be affected because of less stored KE. Thus, this section investigates Fig. 10 and Table IV show the results for Case 3, which is identical to Case 1 except for the subsequent disturbance at 70 s. Thus, the results before 70 s in Case 3 are the same as they are in Case 1. When a subsequent trip occurs at 70 s, k adap increases up to 56.6, which is smaller than that at the instant of the first disturbance. This is because ω r at the instant of the subsequent trip is 1.04 p.u., which is lower than that at the instant of the first disturbance. Afterward, k adap keeps decreasing with df/dt and ω r , as shown in Fig. 10(b) ; it converges to 22.8 when the frequency is settled. From 50 s to 70 s, the proposed scheme reduces the output power slightly faster than Scheme #2 as in Case 1; however, after 70 s, the proposed scheme reduces the output power much faster than it does for the first disturbance. Thus, as shown in Fig. 10(d) , the proposed scheme successfully prevents OD; in contrast, ω r in Scheme #2 reaches ω min at 87.6 s, in which Scheme #2 is disabled, and then P ref is switched to P MPPT (see Fig. 10(c) ). This abrupt change in P ref causes a significant SFD, as shown in Fig. 10(a) .
As shown in Table IV , the maximum df/dt in the proposed scheme after the second disturbance is the smallest. As in Case 1, the first FN in Scheme #2 is higher than it is in the proposed scheme. However, the second FN after the subsequent trip in Scheme #2 is lower than that in the proposed scheme by 0.02 Hz. In addition, the third FN in Scheme #2 reaches 58.731 Hz, which is lower than the second FN in Scheme #1. For 7.1 s after the second disturbance, the WPP output power of the proposed scheme is slightly larger than that of Scheme #2 (see Fig. 10(c) ). This is because during this period, ω r in Scheme #2 is smaller than that in the proposed scheme; the WPP output power in Scheme #2 and proposed schemes is limited by the torque limit, but the torque limit of Scheme #2 is smaller than that of the proposed scheme because ω r is smaller (see Fig. 10(e) ). Fig. 11 and Table V show the results for Case 4, which is identical to Case 2 except for the subsequent disturbance at 70 s. As in Case 3, for the second disturbance, k adap increases up to 23.3; however, unlike Case 3 this value is much smaller than that at the instant of the first disturbance. Afterward, k adap keeps decreasing with df/dt and ω r and converges to 9.1.
Case 4: Wind Speed of 8 m/s, 110-MW Generator Trip and a Subsequent 110-MW SG Trip:
Unlike Case 2, ω r in Scheme #2 reaches ω min at 71.6 s; further, even in Scheme #1, ω r reaches ω min at 73.3 s, in which Scheme #1 is also disabled. As a result, the second FN in Scheme #1 and Scheme #2 become significant and lower than it is in the case with "no STFS" (see Fig. 11(a) ). However, the proposed scheme successfully prevents ω r from reaching ω min .
The results in the previous two cases demonstrate that the proposed scheme can arrest the frequency dip without causing ODs by adaptively modifying the control gain even when a subsequent disturbance occurs.
C. Effects of Decreasing Wind Speeds
As mentioned in the previous section, the performance of the STFS is critically dependent on the stored KE, which can be decreased as a result of the frequency-supporting capability and/or because of a decrease in the wind speed. Thus, this section describes the investigation results for a case in which the wind speed decreases from 10 m/s to 7.5 m/s for 1 s at the beginning of a disturbance. Fig. 12 and Table VI show the results for Case 5, which is identical to Case 1 except for the decrease in the wind speed from 10 m/s to 7.5 m/s at the onset of a disturbance. Thus, during the early stage of an event, k adap is similar to that in Case 1. However, because the wind speed abruptly decreases for a short interval, ω r promptly decreases (see Fig. 12(e) ). Thus, Scheme #1 and Scheme #2 reach ω min at 100.8 s and 59.8 s, respectively, when the two STFS schemes are disabled. Consequently, a significant SFD for Scheme #2 and a less significant SFD for Scheme #1 occur. This is because Scheme #2 causes a larger power deficit at the instant of the disablement, whereas Scheme #1 causes a smaller power deficit. However, the proposed scheme modifies k adap with df/dt and ω r , as shown in Fig. 12(c) , and thus it prevents ω r from reaching ω min , thereby causing no SFD.
As in Case 1, the first FN for Scheme #2 is the highest; however, an SFD occurs because of the significant wind speed reduction. The FN for the proposed scheme is 59.370 Hz, which is lower than the first FN for Scheme #2 and higher than the second FN for Scheme #2.
In this case, after the FN, k adap keeps decreasing with the decreasing ω r and converges to 10.5 when the frequency is settled; this value is 66% of the gain of Scheme #1. Thus, until the FN, the output power in Scheme #2 is the largest, but after the FN, the output power in the proposed scheme significantly decreases with ω r . In addition, the FN in the proposed scheme is 59.370 Hz, which is higher than the lowest FNs in Scheme #1 and Scheme #2.
The above results clearly demonstrate that the proposed scheme ensures no OD by modifying the control gain with ω r even when the wind speed promptly decreases at the beginning of a disturbance. Further, it can improve the frequencysupporting capability of a DFIG even in this case. 
D. For Wind Speed Decreases Followed by a Consecutive Generator Trip
As an extreme case, this section investigates the performance of the proposed scheme for a case in which the wind speed decreases for a short interval at the instant of an event followed by a subsequent SG trip. Table VII show the results for Case 6, which is identical to Case 5 except for a subsequent disturbance 15 s after the first disturbance. Thus, during the early stage of an event, the results before 65 s are the same as they are in Case 5. At the instant of the second event, ω r in Scheme #1 is slightly higher than it is in the proposed scheme; in addition, k adap is set to 11. When the second event occurs, Scheme #1 releases more output power than the proposed scheme (see Fig. 13(c) ). Note that k adap increases up to 16.9 because the magnitude of df/dt increases due to the second disturbance; afterward, k adap keeps decreasing with declining df/dt and ω r and converges to 7.1. Thus, ω r in Scheme #1 reaches ω min at 68.1 s, which is 32.7 s earlier than it is in Case 5. At this instant, an SFD occurs, thus the second FN is lower than it is in the proposed scheme by 0.17 Hz. ω r in the proposed scheme converges to 0.74 p.u. by reducing k adap , and thereby it ensures stable operation of a DFIG.
The above results demonstrate that the proposed scheme successfully prevents w r from reaching ω min by modifying the control gain with df/dt and ω r even when a subsequent event occurs after a significant wind speed reduction.
V. CONCLUSION
This paper proposes an adaptive STFS scheme of a DFIG that can improve the frequency-supporting capability while ensuring stable operation. In the proposed scheme, the adaptive gain is modified with the ROCOF and rotor speed. During the early stage of an event, the gain is set to high; until the FN, the gain decreases with the ROCOF and rotor speed; after the FN, the gain decreases only with the rotor speed.
The various simulation results demonstrate that the proposed scheme improves the FN under various wind conditions and disturbances while ensuring stable operation of a DFIG, even if the wind speed decreases and/or a consecutive event occurs.
The advantages of the proposed scheme are that it can support the frequency by releasing a large amount of KE during the initial stage of an event. In addition, it can retain the KE available for a consecutive disturbance by reducing the output power after the FN. Further, it can ensure stable operation of a DFIG by reducing the control gain with the rotor speed even if the wind speed significantly decreases while supporting the frequency. Therefore, it can help stabilize the frequency under various wind conditions and disturbances, thereby providing a solution to ancillary services of STFS from a WTG.
